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a b s t r a c t

In this work, the organic thin films of pyronine B (PYR.B) were deposited by thermal evaporation technique
under high vacuum (∼104 Pa). The crystal structure, examined by X-ray powder diffraction, indicates that
the films are single phase with strong preferred (4 0 0) orientation. Scanning electron micrographs of the
films indicate a clearly almost uniform distribution with large grain sizes in the range 5–10 �m. The
molecular structure and electronic transitions of PYR.B were investigated by Fourier-transform infrared
(FTIR). Fluorescence characteristic of PYR.B at room temperature (300 K) exhibits visible band peak
located at 569.65 nm. The color parameters were extracted from the reflectance spectrum of PYR.B. The
optical constants such as refractive and extinction indices were determined from the measured trans-
ptical properties

lectrical properties
hotovoltaics

mittance and reflectance spectra using the spectrophotometric method. The dependence of absorption
coefficient on the photon energy was determined and the analysis of the result showed that the optical
transition in PYR.B is allowed and direct. The current density–voltage (J–V) characteristics in dark show
the rectification effect due to the formation of Schottky barrier at Al/PYR.B interface. The photovoltaic
parameters were calculated from the J–V characteristics under illumination through ITO and discussed
in detail.
. Introduction

Organic materials that have semiconducting properties are of
articular interest, since they possess advantageous electrical,
ptoelectronic and processing properties for design and fabrication
f novel class of the semiconductor-based devices such as diodes,
hotovoltaic devices [1]. Moreover, they have advantages of low
ost, ease of processing, and the ability to modify their structure
o obtain the desired electrical and optical characteristics when
ompared with conventional inorganic semiconductors [2–6].

Many advanced technologies, especially in electronic and opto-
lectronic devices, require thin layers of new functional materials
ith special optical and electrical properties [7–10]. Such proper-

ies are determined by a complex combination of many physical
actors as well as the chemical nature of the starting material.
rganic semiconducting layers are one of such class of prospec-
ive thin layer materials [11–13]. Their low cost production is very
imple using recent high vacuum evaporation and spin coating
echnology and their optical and electrical properties can be modi-
ed over a wide range [7–13]. The physical and chemical properties
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of these material layers depend not only on the molecular structure
but also on the structure of the solid thin film [13–15].

The specific electrical and optical properties of organic semi-
conductor layer are of special interest, e.g. the absorption of light
energy in the thin layer can be converted into electrical, chemical
and thermal energy, leading to some interesting applications such
as solar cells nonlinear optical devices [7,16], luminescence devices
[16,17] and energy conversion and storage devices [18–20]. Much
research has been carried out on the use of these organic semicon-
ductors as active element for these devices [13–15,7,16–20].

Xanthene dyes such as PYR.B have high absorption coefficient
and are easily processed and can be functionalized to obtain the
specific optical and electrical properties [21,22]. Owing to these
properties, xanthene dyes are widely used, especially for dye lasers
[23] solar energy conversion devices [24] photosensitizer com-
pounds for chemical reactions [25,26] and nonlinear optical media
for many applications [24–26].

In the present study, the thermal evaporation technique was
performed to prepare organic thin films of PYR.B on glass, ITO-

coated glass and quartz substrates. The structure and surface
morphology of thin films were investigated using XRD and SEM. The
color parameters were calculated from the reflectance spectrum.
Optical constants such as refractive index, extinction coefficient
and dielectric constant were determined from the measured

dx.doi.org/10.1016/j.jallcom.2011.03.096
http://www.sciencedirect.com/science/journal/09258388
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Table 1
The diffraction spacings dobs, the Miller indices (hkl) and the relative intensity I/I0.

2� dobs. dcal. I/I0 (hkl)

16.01 5.53 5.53 33.48 (001)
18.11 4.90 4.90 100 (400)
22.72 3.91 3.91 49.57 (121)
23.85 3.73 3.73 2.15 (420)
26.14 3.41 3.41 25.80 (321)
28.22 3.16 3.16 16.87 (031)
Fig. 1. Molecular structure of PYR.B.

ransmittance and reflectance spectra. The photovoltaic char-
cterizations were measured using the sandwich structure of
l/PYR.B/ITO. Various electrical and photoelectrical parameters
ere also determined from the analyses of J–V characteristics in
ark and under illumination.

. Experimental procedures

.1. Materials and preparation

Pyronine B (PYR.B) powder was supplied from Aldrich company. The molecular
tructure of PYR.B is shown in Fig. 1. Thin films of PYR.B were prepared by thermal
vaporation technique [27], using a high vacuum coating unit (Edward, E306A). The
lms were evaporated from quartz crucible source charged by PYR.B and heated by
tungsten coil in a vacuum of 10−4 Pa during deposition. The films were deposited
nto pre-cleaned optically flat quartz and glass coated ITO substrates maintained at
oom temperature (300 K) and the deposition rate was controlled by using a quartz
rystal thickness monitor (Edwards, FTM4).

.2. Measurements

The structural characterization was investigated by using the obtained X-ray
iffraction patterns (XRD). A Philips X-Ray Diffractometer (model X’ pert) was used
or the measurements with utilized monochromatic CuK� radiation operated at
0 kV and 25 mA. The diffraction patterns were recorded automatically with a scan-
ing speed of 2◦ min−1 in the 2� range 10–60◦ .

The surface morphology of the PYR.B was checked from the scanning electron
icrograph images obtained from Scanning Electron Microscope, SEM (Model JXA

400, JEOL, Japan).
The infrared transmission spectra of the prepared samples were measured at

oom temperature in the range 4000–400 cm−1 by an infrared spectrometer (ATI
attson Infrared Spectrophotometer) using the KBr as reference material. The KBr

iscs were subjected to a load of 5 tons cm−2 for 2 min to produce clear homogenous
iscs. The PYR.B film was prepared on KBr using the thermal evaporation method.
he IR absorption spectrum was measured immediately after preparing the discs.

Fluorescence measurements were performed on a Fluorescence Spectrome-
er (Perkin Elmer L550B, Wellesley, MA, USA), employing a 500 W Hg–Xe high
ressure lamp. The concentration of PYR.B was measured in ethanol solution at
.5 × 10−5 mol L−1.

The measurements of the transmittance T(�) and reflectance, R(�) were carried
ut using a Double Beam Spectrophotometer model (type JASCO, V-570, UV-VIS-
IR, Japan) at normal incidence of light in the wavelength range 190–2500 nm. An
ncertainty of 1% was given by the manufacturer for the measurements obtained by
his spectrophotometer. A blank optically flat quartz substrate identical to the one
sed for the thin film deposition was used as a reference for the transmittance scan.
owever, the reflectance scan was taken at an incident angle of 5◦ with Al-mirror
s reference. All the measurements were carried out at room temperature.

DC electrical conductivity measurements of PYR.B films were carried out in dark
t the temperature range from 303 to 433 K, using an electrometer (Keithley 617A)
ith a high impedance of 1014 �. The temperature was measured directly by means

f chromel–alumel thermocouple connected to hand-held digital thermometer.
The measurements of the current density–voltage (J–V) characteristics in

ark were taken using high internal impedance electrometer Keithley 617A
ource/Measure unit for dc measurement via equipped suitable coaxial cable.

The I–V curve tracer type 577 D1 Tektronix, USA was used to check the charac-
eristics of the device under dark and illumination.

The source of light was a 500 W halogen lamp containing iodine vapor and
ungsten filament. The intensity of light was calibrated with a solar power meter
TM-206, Taiwan). The intensity of light was varied by changing the voltage across

he lamp.

.2.1. Measurement of the color parameters
The tristimulus values X, Y and Z for any color in the visible spectrum range,

00–700 nm from the numerical values of reflectance spectrum (R) were calculated
35.13 2.55 2.56 3.19 (041)
36.27 2.47 2.47 4.97 (122)
36.50 2.46 2.46 15.11 (531)
37.21 2.41 2.41 9.71 (402)

according to the colorimetric method (CIE, 1986) [28]. The chrometicity coordinates
x, y and z to designate a color are given by

x = X

X + Y + Z
(1a)

y = Y

X + Y + Z
(1b)

z = Z

X + Y + Z
(1c)

where x + y + z = 1
For color parameters measurements, the brightness (L*), the color constants (a*)

and (b*), the whiteness index (W) and the yellowness index (Ye) can be estimated
by using the CIE relations (CIE, 1986)

L∗ = 10(y)
1
2 (2)

a∗ = 17.5

[(
x

0.9804

)
− y

]
y

1
2

(3)

b∗ =

[(
x

0.9804

)
− y

]
y

1
2

(4)

W = 4
[( z

1.187031

)
− 3y

]
(5)

Ye = 125

[
(x/0.9804) − (z/1.181031)

y

]
(6)

2.2.2. Method of optical constants calculations
In order to calculate the optical constants namely the refractive index (n) and the

absorption index (k) of the PYR.B. Thin films deposited onto the quartz transparent
substrate is considered to be homogeneous using spectrophotometric measure-
ments of transmittance and reflectance in the spectral range from 190 to 2500 nm,
by using the following equations [29]:

˛ = 1
d

ln

[
(1 − R2)

2T
+
√

(1 − R)4

4T2
+ R2

]
(7)

k = ˛�

4�
(8)

n =
(

1 + R

1 − R

)
+
√

4R

(1 − R)2
− k2 (9)

where ˛ is the absorption coefficient. When the thickness of film (d) is known, then
the computation can be carried out and the optical constants can easily be calculated.

3. Results and discussion

3.1. Structural and molecular characterizations

The crystalline structural characteristics were undertaken with
the aim of determining the lattice parameters together with a com-
plete list of the Miller indices and interplanar spacing for PYR.B.
The X-ray diffraction patterns, XRD of the PYR.B in both powder

and thin films are shown in Figs. 2(a) and (b). Fig. 2(a) reveals that a
polycrystalline nature for the powder PYR.B. Applying the CRYSFIRE
computer program [30] for indexing all the obtained diffraction
lines, it was found that the minimized (2�) values are in satisfactory
agree with the observed values as shown in Table 1. Therefore, the
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ig. 2. (a) X-ray diffraction of powder PYR.B, (b) X-ray diffraction of PYR.B thin film.

resent deduced indexing can be accepted as orthorhombic crystal
ystem with space group Pban and lattice parameters: a = 19.599 Å,
= 11.539 Å, c = 5.536 Å. Table 1 shows the values of Miller indices,
kl, for each diffraction peak together with the interplaner spacing
dhkl) obtained by using CHECKCELL program [31].

On the other hand, the structure of the obtained PYR.B film is
hown in Fig. 2(b). A strong peak oriented along the (4 0 0) direc-
ion was observed. This clearly indicates that the material of the
repared films has the same structure of PYR.B with orthorhombic
ype system.

Fig. 3 shows the scanning electron micrographs of the PYR.B thin
lms. As observed, a clearly almost uniform distribution and highly
ense with large grain sizes in the range 5–10 �m were obtained.
he microstructure consists of both smaller and large grains. The
resence of small grains helped in the densification of the films.
his type of morphology is desirable for boosting the photovoltaic
esponse of the solar cells because larger grain sizes will reduce
osses due to grain boundaries.

The Fourier transformation infrared technique (FTIR) is the
nique characteristic of functional groups stacking the molecule
nd is found to be the most useful physical method of investigating
nd identifying the functional groups to know the molecular struc-
ure. FTIR was used to measure the transmittance spectra of PYR.B

lms deposited at room temperature (300 K) on nearly optically flat
Br substrate as shown in Fig. 4.

The strong bands in the region of 3000–2800 cm−1 can be asso-
iated with the aromatic C–H stretching vibration. The multiband

Fig. 3. Scanning electron micrograph of PYR.B film.
Fig. 4. Infrared spectrum of PYR.B film.

absorptions of tertiary amine hydrochloride salts in the region
2700–2330 cm−1 are due to vibrations involving N(C2H5)2 stretch-
ing. The bands at 2400–2300 cm−1 region can be attributed to the
tertiary amine group. The bands in the region 1540–1620 cm−1 can
be attributed to C–H bending vibrations of aromatic rings [32–34].
The vibrations involving CH2 and CH3 stretching (3000–2840 cm−1)
and bending modes (1470–1340 cm−1) give rise to bands that
are strong and characteristic in IR spectrum. Bands in the
1390–1340 cm−1 region can be assigned to the C2H5 bending mode.
Bands in the region of 1180–1100 cm−1 in the IR spectrum can be
associated with aromatic ether C–O symmetric and asymmetric
stretching vibrations. Bands at 1132 and 625 cm−1 are characteris-
tic of the ClO4

− ion [33–36].

3.2. Fluorescence characterization

Remarkably, the PYR.B solid material showed a red fluorescence,
which could be observed with the naked eye when the sample
was illuminated with a hand-held UV lamp. Fig. 5 shows the emis-
sion spectrum of PYR.B. This spectrum shows a broad band at
569.65 nm which is in agreement with previously reported results
[37]. This band is red-shifted and broadened in comparison with
their absorption spectrum, which is characteristic of dimer and

other aggregate states formed in the solid state [38]. According to
previous studies on wide-gap organic semiconductors [39,40], this
photoluminscent, PL emission can be attributed to radiative recom-
bination of electron–hole pairs in the �–�* localized states within

Fig. 5. Fluorescence spectrum of PYR.B.
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Fig. 6. Temperature dependence of dark electrical conductivity of PYR.B.

he band gap of the materials, rather than band-to-band transitions.
hus, PYR.B is promising with respect to the organic light emitting
iodes (OLED) applications.

.3. Electrical characteristics

D.C. electrical conductivity of PYR.B thin films was measured to
etermine the thermal activation energy. This study was carried out

n the temperature range (303–433) K under air condition. The con-
uctivity � is measured at regular intervals of 5 K. The temperature
ependence on conductivity is expressed as [41]

= �0 exp
(−�E

kBT

)
(10)

here �E is the thermal activation energy and kB is the Boltz-
ann’s constant. A graph of log � vs. 1/T for PYR.B films of thickness

00 nm is plotted as shown in Fig. 6 at different temperatures. The
inear behavior of log (�) vs. 1/T gives evidence for the semicon-
ucting characteristics of the PYR.B films. Also, the conductivity
xhibited irreversible changes for the films under heating and cool-
ng during the measurement. There are two linear regions for the
lots in Fig. 6 and the corresponding activation energies �E1 and
E2 are obtained above and below ∼352 K, respectively. The val-

es of activation energies are determined and collected in Table 2.
t is seen from the table that as the activation energies for the
lm under cooling are less than that under heating. It is believed
hat two types of conduction mechanism occur, namely one in the
rst conduction region (I) and the other in the second conduc-
ion region (II). In both regions I and II, electrical conductivity is
hermally activated owing to thermal excitation of charge carriers
y changing the activation energy [42]. The observed increase in
onduction can be associated with the number of the highly delo-
alized �-electrons along molecular backbone, whose presence is
ue to aromatic group of the compound. They are mainly respon-

ible for the intramolecular electrical conduction, due to their
hermal excitation. The �-electron mobility and the semiconduct-
ng behavior of PYR.B result from the transfer of this delocalized
-electrons [43].

able 2
hermal activation energies for the samples under heating and cooling.

�E1 (eV) �E2 (eV)

PYR.B under heating 1.05 0.38
PYR.B under cooling 0.91 0.35
Fig. 7. Spectral dependence of transmittance and reflectance.

3.4. Optical characteristics

Optical studies of PYR.B films were performed by measuring
the transmittance and reflectance of the films deposited on quartz
substrates in the wavelength region 190–2500 nm. Fig. 7 shows
spectral dependence of the transmittance T(�) and reflectance R(�)
of the PYR.B films. It is clear that the amount of light that gets
transmitted through a thin film of PYR.B depends on the amount
of reflection and absorption taking place along the light path. The
transmittance behavior of all samples did not show multiple inter-
ferences, which indicate that, the PYR.B thin films have moderate
absorption coefficients and thicknesses. Roughly, the spectrum can
be divided into two regions: a transparent oscillating region, and a
zone of strong absorption, where the transmittance decreases dras-
tically. It could be noted that at longer wavelengths (� > 900 nm),
all films become transparent and no light is scattered or absorbed
as non-absorbing region (i.e. R + T = 1). The inequality (R + T < 1) at
shorter wavelengths (� < 900 nm) known as absorbing region is due
to the existence of absorption. The experimental points presented
in this figure correspond with experimental data for the thickest
deposited samples (600 nm).

The commission international De L,Eclairage (CIE) 1976 (L*, a*,
b*) color space provides a three dimensional representation for the
perception of color stimuli (CIE, 1986).It is capable of representing
all possible colors. This system uses three variables L* which is the
Luminance which represents the difference between light (L = 100)
and dark (L = 0); a* and b* represent the color values on the red-
green axis and blue-yellow axis, respectively. Whiteness index (W)
and Yellowness index (Ye) are also based on the distance of the color
value in the color space from a nominal white point (i.e. a chromatic
point which has x = 0.333, y = 0.333 and z = 0.333) [44].

Fig. 8 represents the spectral distribution of the tristimilus val-
ues (x, y and z) calculated from the values of reflectance as function
of wavelength in the visible spectral range 400–700 nm. It is clear
from the figure that the spectral distributions curves which rep-
resent the response of the three centers of stimulations posses by

the retional cones i.e. there are three centers of stimulation within
the eye. The values of X, Y and Z at the peak positions are recorded
in Table 3. Moreover, the color parameters deduced for PYR.B are
collected in Table 4.

Table 3
Peak position for the tristimulus values.

Tristimulus X Y Z

Wavelength (nm) 440,575 550 440
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Fig. 8. Spectral dependence of tristimulus values of PYR.B.

By using the relations 7, 8 and 9, the refractive, n and absorp-
ion indices, k of PYR.B films were determined from the measured
ransmittance and reflectance at normal light incidence. The spec-
ral dependences of both n(�) and k(�) are plotted in Fig. 9. The
xtinction coefficients k of the thin films is very small at longer
avelengths, showing that the thin films are highly transparent.

valuation of the refractive indices of optical materials is consid-
rably important for the applications in integrated optics devices,
uch as switches, filters and modulation, in which the refractive
ndex is a key parameter for the device design [45].

The refractive index, n of PYR.B thin film shows anomalous
ispersion in the spectral range 400 > � > 900 nm and normal dis-
ersion in the spectral range 900 > � > 2500 nm. This anomalous
ehavior is due to the resonance effect between the incident elec-
romagnetic radiation and the electrons polarization, which leads
o the coupling of electrons in PYR.B films to the oscillating electric
eld. Moreover, the peak in the refractive index corresponds to the
ptical energy gap of PYR.B film. The determined refractive index
f PYR.B thin film is compared to the published of other xanthenes
yes [46–49] and tabulated in Table 5. As observed, a high refrac-
ive index value as compared to the some xanthenes derivatives.
igh value of the refractive index and then the dielectric constant
an be attributed to the high bond strength, high density of atoms
nd high polarizability of PYR.B [50].
The absorption coefficient spectrum of PYR.B thin film is shown
n Fig. 10. The well-known band of the PYR.B molecule, namely Q
and appears in the region between 450 and 650 nm. As observed,
YR.B film shows one peak in this band at 520 nm. This may be

Fig. 9. Spectral dependence of optical constants n and k of PYR.B.
Fig. 10. Spectral dependence of absorption coefficient, ˛ of PYR.B.

generally been interpreted in terms of �–�* excitation between
bonding and anti-bonding molecular orbitals [51,52]. The other
band appears in the UV region shows splitting at 222 nm and
277 nm. The first peak at 277 nm may be assigned to involves n–�*
transition and the shoulder at 222 nm can be assigned to the n–�*
transitions of PYR.B molecule.

In Fig. 10 there are two absorption bands or edges are evident.
The first edge was identified in the UV region with a wavelength
range 275–335 nm and the second is located in the wavelength
range 550–640 nm. These absorption edges correspond to optical
transitions between occupied and unoccupied energy levels and
are commonly referred in organic semiconductors as high occupied
molecular orbital “HOMO” and low unoccupied molecular orbital
“LUMO” levels. The optical transition between HOMO and LUMO
energy levels can be described by the optical absorption coefficient,
˛, which is given by [53] as follows.

a =
(

A

h�

)
(h� − Eg)m (11)

where A is a constant, h� is the incident photon energy and Eg

is the band gap known as the energy difference between HOMO
and LUMO. The exponent m is governed by the type of transition
which can assume values of 2, 1/2, 1/3 or 3/2 depending on the
nature of the band-to-band electronic transitions and the profile
of the electron density in the valance and conduction bands. The
experimental data have been fitted with the theoretical Eq. (11) for
different values of m. As expected, the best fit is obtained for m = 1/2.
This behavior indicated that the transitions are direct allowed tran-
sitions. The dependence of (˛h�)2 on photon energy h� near the
absorption edge was plotted as shown in Figs. 11(a) and (b). Extrap-
olating the linear region of the curve to the value of (˛h�)2 = 0 gives
the value of energy gap. The obtained energy band gaps are 1.43
(Fig. 11(a)) and 2.07 eV (Fig. 11(b)) for the onset of the absorption
spectrum and the fundamental energy gap, respectively. The low-
est energy optical transition is referred to as the optical band gap
or exciton level in solids.

The lowest energy optical transition is referred to as the optical
band gap and the other is called the transport gap [54,55]. The calcu-
lated optical band gap (Eopt) is less than the calculated transport gap
(Et) and the difference is the exciton binding energy. It may be noted
that the exciton binding energy is mainly depends on the dielec-
tric constant of the material, molecular size and charge distribution

on the molecule. Because of the molecular nature of organic solids
and low dielectric constant the binding energy is high and lies in the
range 0.5–1.7 eV [55]. In the present work the calculated binding
energy is 0.64 eV which lies in the reported range. The determined
energy gaps for PYR.B thin film are compared to the published for
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Table 4
Color parameters deduced for PYR.B.

x y z L* a* b* W Ye

0.2719 0.3626 0.3654 6.0218 −2.4783 0.6182 −3.1137 −6.6635

Table 5
Values of energy gap and refractive index for pyronine B films compared with other xanthene dyes derivatives.

Compound Film treatment/condition Eind.allowed
g (eV) Edir.allowed

g (eV) Refractive index Reference

Pyronine B Thermal evaporation – 1.43 eV,2.07 eV 2.1 Present work

o
c
d
d
[

ε
T
a

ε

a

ε

s
f
d
T
d
b
o
i
d
s
a
d

Rhodamine B Drop casting technique 1.94
Pyronine B Dip coating method –
Pyronine G Spin coating method –
Pyronine G Thermal evaporation 1.87,2.25

ther Xanthene dyes [46–49] as tabulated in Table 5. As observed, a
ommon characteristic behavior for PYR.B and the most Xanthene
yes is the direct transitions [48,49], unlike the drop casting rho-
amine B [46] and the thermally evaporated pyronine G material
49], where the transitions is an indirect allowed.

The complex refractive index ñ = n + ik and dielectric function
= ε1 + iε2 characterize the optical properties of any solid material.
he imaginary and real parts of dielectric constant of the films were
lso determined by the following relations [56]

1 = n2 − k2 (12)

nd

2 = 2nk (13)

We calculated the imaginary and real parts of the dielectric con-
tant as it is directly related to the density of states within the
orbidden gap of the films. The real and imaginary parts of the
ielectric constant of the film are respectively shown in Fig. 12.
he real dielectric constant shows values larger than the imaginary
ielectric constant in the studied photon energy. There are different
ehaviors for the two parts of the dielectric constant. The variation
f the dielectric constant with photon energy indicates different

nteractions between photons and electrons in the films are pro-
uced in this energy range. These interactions are observed on the
hapes of the real and imaginary parts of the dielectric constant
nd they cause formation of peaks in the dielectric spectra which
epends on the material type.

Fig. 11. (a, b) Photon energy depe
– 1.69 [46]
1.96 – [47]
2.5 eV – [48]

1.71 [49]

3.5. Photovoltaic characteristics of Al/PYR.B/ITO junction

The current–voltage characteristics of Al/PYB.B/ITO device was
measured by I–V curve tracer instrument in the dark and under
illumination of 100 mW/cm2, keeping ITO as positive with respect
to Al electrode as shown in Fig. 13. It can be seen that the current
value at a given voltage for the Al/PYB.B/ITO device under illumina-
tion is higher than that in dark. The dependence of dark current on
voltage in the device exhibits a rectification effect. The rectification
effect observed in dark J–V characteristics is due to the formation
of Schottky barrier and ohmic contact at Al/PYR.B and ITO/PYR.B
interfaces, respectively. The existence of a Schottky barrier at the
Al/PYR.B interface is explained by the formation of the space charge
region.

The J–V characteristic of Al/PYR.B/ITO device under
100 mW/cm2 illumination at room temperature (300 K) is shown
in Fig. 14. As seen from this figure, the Al/PYR.B/ITO device shows
a photovoltaic behavior with a maximum open circuit voltage,
Voc of 500 mV and short-circuit current density, Jsc of 4 mA/cm2.
The illumination curve has a shape of an exponent with a series
resistance and internal ohmic losses. The plot of electric out put
power vs. voltage is also shown in Fig. 14. The electrical power

increases with bias voltage and reaches a maximum value. The
maximum point is called the maximum power point with coordi-
nate (Pmax = Jmp × Vmp). Here Jmp and Vmp are maximum current
density and voltage values of maximum power point, respectively.
This maximum value represents the condition, where the solar

ndence of (˛h�)2 of PYR.B.
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Table 6
Photovoltaic parameters of PYR.B films compared with other Xanthene dyes derivatives.

Compound Film preparation Jsc (mA/cm2) Voc (V) FF Vmp (V) Jmp (mA/cm2) Reference

Al/pyronine B/ITO Thermal evaporation 4.00 0.50
Al/pyronine B/ITO Spin coating 4.8 × 10−3 1.00
Oxazine/n-Si Thermal evaporation 3.25 0.42

Fig. 12. Spectral dependence of the dielectric constants ε1 and ε2 of PYR.B.

Fig. 13. I–V characteristics under dark and illumination of 100 mW/cm2 of PYR.B.

Fig. 14. Current–voltage characteristics and output power under illumination of
100 mW/cm2.
0.35 0.30 2.66 Present work
0.44 0.55 3.84 × 10−3 [57]
0.35 0.27 1.32 [58]

cell can deliver its maximum power to an external load. The Vmp

and Jmp values for Al/PYR.B/ITO device were found to be 300 mV
and 2.66 mA/cm2, respectively. Fill Factor, FF is found to be 0.35
for solar cell and furthermore, is measure of the closeness of the
Al/PYR.B/ITO J–V curve to the rectangular shape and this value
depends on the solar cell device and structure. The determined
photovoltaic parameters for PYR.B thin film are compared to the
other published Xanthene dyes [57,58] as tabulated in Table 6.
As observed, a higher short circuit current density and maximum
power intensity, Vmp and Jmp as compared to some Xanthene dye
derivatives devices [57,58].

Since the absorption is highest at the peaks, only fraction of the
light illuminating through the ITO side can reach the Schottky bar-
rier (Al/PYR.B interface) and generate few excitons leading to low
photocurrent. The barrier itself is not within a diffusion length of
the carriers generated at the ITO surface, and as a result carriers
generated near the ITO surface will be lost due to the recombina-
tion or trapping during the diffusion through PYR.B layer, toward
the Al/PYR.B interface. At the wavelength with low absorption con-
stant, the light can penetrate deeper near to the Al/PYR.B interface.
Thus, more excitons will be generated near the Al/PYR.B interface,
allowing more excitons to reach the Al/PYR.B interface resulting
the higher photocurrent due to the exciton dissociation into free
carriers under the effect of the built electric field at the interface.
When the light is illuminating through Al electrode at peak wave-
length, most of the excitons will be generated at Al/PYR.B interface
and dissociate into free carriers resulting in a higher photocarri-
ers [59]. Since the Al layer in our device is thick and not enough
transparent, only small fraction of light irradiating from Al side can
penetrate into the interface. Therefore, this is smaller in compari-
son to the photocurrent obtained illuminating through the ITO side.
The above results suggest that the PYR.B behaves as p-type organic
semiconductor which form the Schottky barrier Al/PYR.B interface,
while ohmic contact at ITO/PYR.B interface.

The dependence of the short circuit current density Jsc and open
circuit voltage, Voc on the incident light intensity; P when illumi-
nated through ITO was also examined as shown in Fig. 15(a) and
(b). The open circuit voltage increases logarithmically with illumi-
nation intensity P at high excitation levels (Fig. 15(a)). The deviation
from the logarithmic dependence at low intensity is principally due
to the shunt current of the device. The dependence of Jsc on P for
the device follows the relation Jsc ˛ Pm, where the exponent m < 1.
This is common behavior for the organic photovoltaic devices and
could be explained by taking into account the model based on the
combined effect of trap and recombination centers [60].

The variation of short circuit current density, Jsc with incident
light intensity, P for Al/PYR.B/ITO devices is shown in Fig. 15(b). The
Jsc shows a sublinear dependence with light intensity (P) that can
be expressed as [61]

Jsc = BPm (14)
where B is a constant and m is the power factor which is equal to
0.92 for PYR.B based devices. The observed value of power factor
less than unity is commonly associated with the presence of the
trap centers within the band gap [53].
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Fig. 15. (a) Open circuit voltage vs. power intensi

. Conclusions

The XRD patterns obtained for PYR.B powder and thin films
onfirm that the material is polycrystalline with orthorhombic
tructure. Miller indices, hkl, values for each diffraction peak were
lso calculated. XRD obtained for PYR.B thin film confirmed that the
s-deposited film is crystallized with preferred (4 0 0) orientation.
oom temperature PL has been observed from PYR.B in the visi-
le range. Two thermal activation energies are obtained from the
emperature dependence of the dark electrical resistivity. The cal-
ulated optical band gap (Eopt) is less than the calculated transport
ap (Et) and the difference, 0.64 eV, is due to the exciton binding
nergy. From J–V characteristics in the dark, it is found that the
evice shows rectification effect due to the formation of a Schot-
ky barrier at the Al/PYR.B interface. The results also show that the
xcitons produced within the diffusion length of the carrier can
e diffused in the barrier region and subsequently dissociate into
ree carriers. The Vmp, Jmp and FF values for Al/PYR.B/ITO device
ere found to be 300 mV, 2.66 mA/cm2 and 0.35, respectively. The

bserved light intensity dependence of the short circuit current
ensity is commonly associated with the presence of the trap cen-
ers within the band gap.
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